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1. Introduction {#ehf212597-sec-0004}
===============

MicroRNAs (miRNAs) are small, noncoding RNA molecules, which regulate genes in various pathophysiological processes by inhibiting the translational processing or mediating the degradation of target RNAs.[1](#ehf212597-bib-0001){ref-type="ref"}, [2](#ehf212597-bib-0002){ref-type="ref"}, [3](#ehf212597-bib-0003){ref-type="ref"} Several miRNAs were associated with systolic heart failure (HF) pathophysiology.[4](#ehf212597-bib-0004){ref-type="ref"} In fact, previous studies, including ours, reported specific changes of miRNA expression associated with HF disease in the peripheral serum of patients with HF.[5](#ehf212597-bib-0005){ref-type="ref"}, [6](#ehf212597-bib-0006){ref-type="ref"}, [7](#ehf212597-bib-0007){ref-type="ref"}, [8](#ehf212597-bib-0008){ref-type="ref"}, [9](#ehf212597-bib-0009){ref-type="ref"}, [10](#ehf212597-bib-0010){ref-type="ref"}, [11](#ehf212597-bib-0011){ref-type="ref"} While the majority of the studies assessed peripheral systemic serum miRNA expression levels, fewer studies reported the potential differences between the peripheral and coronary circulation of miRNA expression in patients with several cardiac conditions, including HF.[12](#ehf212597-bib-0012){ref-type="ref"}, [13](#ehf212597-bib-0013){ref-type="ref"}, [14](#ehf212597-bib-0014){ref-type="ref"}, [15](#ehf212597-bib-0015){ref-type="ref"}, [16](#ehf212597-bib-0016){ref-type="ref"}

Identifying the origin of differentially expressed miRNAs will further improve our understanding of their involvement in HF pathophysiology. Moreover, some changes in miRNA expression of a failing heart may not be reflected in peripheral circulation. Therefore, the objective of this study is to compare cardiac venous miRNA expression levels with those of the systemic peripheral venous circulation, reflecting the net absorption and release of the failing myocardium to the systemic miRNA expression. Indeed, miRNA levels were shown to be altered in HF.[5](#ehf212597-bib-0005){ref-type="ref"}, [6](#ehf212597-bib-0006){ref-type="ref"}, [7](#ehf212597-bib-0007){ref-type="ref"}, [9](#ehf212597-bib-0009){ref-type="ref"}, [10](#ehf212597-bib-0010){ref-type="ref"} In this study, we investigated miR‐21‐5p, miR‐92b‐3p, miR‐133a‐3p, and miR‐125b‐5p, which were shown to be involved in the pathophysiological processes of HF, including cardiotoxicity, cardiomyocyte apoptosis, hypertrophy, and inflammation.[17](#ehf212597-bib-0017){ref-type="ref"}, [18](#ehf212597-bib-0018){ref-type="ref"}, [19](#ehf212597-bib-0019){ref-type="ref"}, [20](#ehf212597-bib-0020){ref-type="ref"}

Accordingly, in the current study, we assessed the levels of miRNAs of systolic HF patients in the coronary sinus (CS), the ultimate representative of the coronary blood venous circulation, using samples obtained during cardiac resynchronization therapy (CRT) implantation and compared them with the peripheral systemic venous miRNA expression in the same HF patients. The novelty of this study is that the CRT implantation designated catheter procedures enabled us to obtain CS samples from the more[10](#ehf212597-bib-0010){ref-type="ref"} distal parts the CS,[21](#ehf212597-bib-0021){ref-type="ref"} avoiding potential contamination with systemic venous blood returning to the right atrium.

The aim of this study is to assess differences between miRNA expression in blood directly secreted from a failing heart and peripheral blood samples, routinely used in HF research, using four HF‐related miRNAs as examples. Acknowledging such differences will further improve our understanding of miRNAs\' role in HF pathophysiology.

2. Materials and Methods {#ehf212597-sec-0005}
========================

2.1. Patients {#ehf212597-sec-0006}
-------------

The study was approved by the Helsinki Ethics Committee of Baruch Padeh Medical Center, Poriya, and signed informed consent was obtained from all study participants. In total, 60 patients were recruited from the Cardiovascular Department of Baruch Padeh Medical Center, Poriya in Tiberias, Israel, consisting of 39 heart failure patients diagnosed with class C reduced ejection fraction, fulfilling the inclusion criteria for the study, which was determined for their eligibility for CRT implantation, as determined by the European Society of Cardiology--Heart Failure Association and American College of Cardiology/American Heart Association HF guidelines.[22](#ehf212597-bib-0022){ref-type="ref"}, [23](#ehf212597-bib-0023){ref-type="ref"} A control group was composed of 21 patients whose inclusion criteria were fulfilled as they were referred by their treating cardiologist for an elective coronary angiogram for suspected coronary artery disease (CAD).

Exclusion criteria for both the HF and the control groups were active malignancy in the last 5 years, renal failure undergoing dialysis, ≤18 years of age, pregnancy, and acute coronary syndrome diagnosis \<1 month prior to the study. For the control group, specifically, participants did not have HF symptoms and/or reduced left ventricular ejection fraction (\>55%). The control group was matched for age, sex, and clinical background of known CAD risk factors.

2.2. Sample collection {#ehf212597-sec-0007}
----------------------

Blood samples were obtained early in the morning for all patients participating in the study. All HF patients continued with their medications to maintain hemodynamic indices. For the HF group, blood samples were simultaneously obtained from deep CS venous circulation and the peripheral vein. Specifically, blood samples were obtained using a CS sheath, cannulated at least 4--7 cm deep within the middistal CS, as confirmed by fluoroscopy and contrast injection, during left ventricular electrode placement as part of CRT device implantation. Peripheral blood was collected from the antecubital fossa prior to saline infusion during the catheterization procedure. It is important to note that no Heparin was given to either the HF or control groups prior to blood collection.

The blood was collected into serum‐separating tubes, stored at room temperature and processed within 10 h. The tubes were centrifuged at 2000 *g* for 15 min. Serum was aliquoted into Eppendorf tubes and kept at −80^°^C until analysis.

2.3. RNA extraction {#ehf212597-sec-0008}
-------------------

RNA was extracted from 1 mL of whole serum, using the miRNeasy Serum/Plasma Kit (QIAGEN, catalogue number: 217184). The manufacture\'s protocol, originally suited for 200 μL serum, was adjusted to 1 mL of serum. For this adjusted protocol, each sample was divided into five tubes of 200 μL each, and the content of all five tubes was loaded into the same column. RNA elution from the column was done using 17 μL of RNase free water. miRNA concentration was measured using the Qubit^TM^ microRNA Assay Kit (Invitrogen, catalog number: 1810946).

2.4. cDNA synthesis {#ehf212597-sec-0009}
-------------------

cDNA was synthesized using the TaqMan® Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, catalog number A28007), using 2 μL for each RNA sample, as recommended in the protocol. The miR‐Amp reaction products from the cDNA synthesis process were diluted 1:10 with a diluted 1:10 TE buffer solution, containing 1 mM Tris‐HCl and 0.1 mM disodium EDTA. To obtain the diluted TE buffer solution, standard TE buffer solution, with a pH of 8.0 (SIGMA‐ALDRICH, catalog number: 93283), was diluted with RNase free water (Biological Industries, catalog number: 01‐866‐1A).

2.5. Real‐time polymerase chain reaction {#ehf212597-sec-0010}
----------------------------------------

For the real‐time polymerase chain reaction experiment, TaqMan® Advanced miRNA Assays were used. For each real‐time polymerase chain reaction, 5 μL of diluted cDNA were used. Specific probes for the miRNAs of interest were obtained from Applied Biosystems (Thermo Fisher Scientific, catalog number: A25576), including, hsa‐miR‐21‐5p, hsa‐miR‐92b‐3p, hsa‐miR‐125b‐5p, and hsa‐miR‐133a‐3p. Reactions were carried out using the CFX‐Connect Real‐Time System (BIO‐RAD), with the following protocol: 95^°^C for 20 s; 40 repeats on: 95^°^C for 3 s, 60^°^C for 30 s, 65^°^C for 5 s, and 95^°^C for 50 s.

As a reference, panel miR‐16‐5p and miR‐1260a‐5p were used. Although Marques et al. have found miR‐16‐5p to be unstable in the serum of HF patients,[16](#ehf212597-bib-0016){ref-type="ref"} others have found both of these miRNA molecules to be reliable as a reference and stable in serum samples of cardiac patients.[24](#ehf212597-bib-0024){ref-type="ref"}, [25](#ehf212597-bib-0025){ref-type="ref"} In agreement with these studies, we found that both miRNAs are stable in HF patients and control serum samples ([Appendix 1](#ehf212597-app-0001){ref-type="app"}).

Real‐time polymerase chain reactions were done in triplicates and data analysis was performed using the ΔΔCt method.

2.6. Statistical analysis {#ehf212597-sec-0011}
-------------------------

All statistical tests were carried out using MedCalc® software, version 18.5 (MedCalc Software, Mariakerke, Belgium). For comparing the HF group with a control group and the peripheral serum with the CS serum in HF patients, for each miRNA tested, the Mann--Whitney test for independent samples was performed. Peripheral and CS samples of each HF patient were analysed using the Wilcoxon test for paired samples. The relationships between expression levels of different miRNAs and clinical parameters were examined using Rank correlation tests. *P* values for comparing clinical characteristics of HF and control groups were obtained from independent samples *t*‐tests. A *P* \< 0.05 was considered statistically significant.

3. Results {#ehf212597-sec-0012}
==========

In total, 39 HF patients and 21 control patients who were referred by their treating cardiologist for an elective coronary angiogram for suspected CAD were recruited for this study. Clinical characteristics of the HF and control groups are shown in *Table* [1](#ehf212597-tbl-0001){ref-type="table"}. The two groups showed similar characteristics and clinical backgrounds. The percentages of patients with stable CAD were similar in the HF and control groups. Overall, 99 serum samples were collected. Peripheral and CS blood samples were obtained from each HF patient, and a peripheral blood sample was obtained from each control patient.

###### 

Characteristics of HF and control groups

  Variable                          HF group (*n* = 39)   Control group (*n* = 21)   *P* value
  -------------------------------- --------------------- -------------------------- -----------
  Age (years)                           69.5 ± 15.5             69.5 ± 13.5           0.1886
  Body mass index                         35 ± 15               37.5 ± 13.5           0.1954
  Ejection fraction (%)                   30 ± 10                  65 ± 5            \<0.0001
  Sex (male) *n* (%)                     25 (64%)                 13 (62%)            0.8690
  Hypertension *n* (%)                   30 (77%)                 16 (76%)            0.9500
  Diabetes mellitus *n* (%)              22 (56%)                 10 (48%)            0.5232
  Hyperlipidemia *n* (%)                31 (79.5%)                18 (86%)            0.5599
  Ischemic heart disease *n* (%)         26 (67%)                 11 (52%)            0.2855
  Atrial fibrillation *n* (%)             9 (23%)                  1 (5%)             0.0714
  Chronic renal failure *n* (%)           9 (23%)                 3 (14%)             0.4742
  Smoking *n* (%)                         5 (13%)                 2 (10%)             0.7102
  ACEI/ARB *n* (%)                       70 (77%)                 14 (67%)            0.4001
  Beta‐blockers *n* (%)                  34 (87%)                 13 (62%)            0.0233
  Statins *n* (%)                        28 (72%)                 19 (90%)             0.097
  Anti‐platelet therapy *n* (%)          29 (74%)                 19 (90%)            0.1413
  MRA *n* (%)                            17 (44%)                    0                  ---

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blockers; HF, heart failure; MRA, mineralocorticoid receptor antagonists.

Clinical background and treatment of patients in the HF and the control groups. Data presented as mean ± SD or *n* and percentage (%). Patients referred for an elective coronary angiogram for suspected coronary artery disease.

3.1. Expression of miRNA levels {#ehf212597-sec-0013}
-------------------------------

We found significant differences in the expression levels of four miRNAs in different serum samples, including miR‐125b‐5p, miR‐92‐3p, miR‐21‐5p, and miR‐133a‐3p. In the peripheral serum, miR‐125b‐5p was detected to be 1.7‐folds higher in HF patients compared with the control group (*P* = 0.01), as shown in *Figure* [*1*](#ehf212597-fig-0001){ref-type="fig"} *A*. In HF patients, in a paired sample analysis, miR‐125b‐5p levels were significantly higher in the serum of CS, compared with peripheral serum, with a 1.8‐fold increase (*P* = 0.001) (*Figure* [*1*](#ehf212597-fig-0001){ref-type="fig"} *B*). A subgroup of 11 HF patients demonstrated relatively high expression of miR‐125b‐5p in CS samples. These patients also have higher miR‐125 expression in peripheral samples than rest of the HF patients (median of 2.79 vs. 1.28, *P* = 0.0059). We could not identify any other special characteristics for this subgroup. No significant differences in age, gender, or ejection fraction percentage were identified for this subgroup versus the rest of the HF patients.

![miR‐125b‐5p relative expression levels in (A) serum samples of HF(peripheral and CS samples) and control patients (peripheral samples), and (B)paired sample analysis of peripheral and CS serum samples of HF patients. Error bars indicate 95% Confidence Interval for the median. HF, heart failure; P, peripheral serum; CS, Coronary Sinus serum.](EHF2-7-835-g001){#ehf212597-fig-0001}

In peripheral serum, miR‐92b‐3p did not show a significant difference between HF and control patients (*Figure* [*2*](#ehf212597-fig-0002){ref-type="fig"} *A*). In HF patients, paired sample analysis for miR‐92b‐3p showed reduced expression in CS compared with peripheral serum, with 1.4‐fold lower levels in the CS than in the peripheral serum (*P* = 0.002) (*Figure* [*2*](#ehf212597-fig-0002){ref-type="fig"} *B*).

![miR‐92b‐3p relative expression levels in (A) serum samples of HF (peripheral and CS samples) and control patients (peripheral samples),and (B) paired sample analysis of peripheral and CS serum samples of HF patients. Error bars indicate 95% Confidence Interval for the median. HF, heart failure; P, peripheral serum; CS, coronary sinus serum; n.s., not significant.](EHF2-7-835-g002){#ehf212597-fig-0002}

A comparison between HF and control patients did not show a significant difference in miR‐21‐5p in the peripheral serum (*Figure* [*3*](#ehf212597-fig-0003){ref-type="fig"} *A*). A paired sample analysis for each patient showed that miR‐21‐5p expression in the CS was significantly lower than in the peripheral serum samples, with a 1.2‐fold lower level (*P* = 0.03) (*Figure* [*3*](#ehf212597-fig-0003){ref-type="fig"} *B*).

![miR‐21‐5p relative expression levels in (A) serum samples of HF(peripheral and CS samples) and control patients (peripheral samples), and (B)paired samples analysis of peripheral and CS serum sample of HF patients. Error bars indicate 95% Confidence Interval for the median. HF, heart failure; P, peripheral serum; CS, Coronary Sinus serum; n.s., not significant.](EHF2-7-835-g003){#ehf212597-fig-0003}

In the peripheral serum, miR‐133a‐3p was found to be significantly higher in HF patients compared with the controls, with a 1.4‐fold increase (*P* = 0.02) (*Figure* [*4*](#ehf212597-fig-0004){ref-type="fig"}). However, paired sample analysis showed no significant difference between the CS and peripheral serum samples of HF patients ([Appendix 1](#ehf212597-app-0001){ref-type="app"}).

![miR‐133a‐3p relative expression levels in serum samples of HF (peripheral and CS samples) and control patients (peripheral samples). Error bars indicate 95% Confidence Interval for the median. HF, heart failure; P, peripheral serum; CS, coronary sinus serum; n.s., not significant.](EHF2-7-835-g004){#ehf212597-fig-0004}

4. Discussion {#ehf212597-sec-0014}
=============

The main finding of this study is that HF patients diagnosed with class C reduced ejection fraction have significant differences in the expression of their venous CS miRNAs, as compared with their peripheral venous serum. Specifically, higher levels of miR‐125b‐5p and lower levels of miR‐92 and miR‐21‐5p were documented in the CS, compared with the peripheral venous circulation.

The miRNAs investigated in this study are involved in pathophysiological processes that are known to occur in HF. Indeed, miR‐125b‐5p[17](#ehf212597-bib-0017){ref-type="ref"} and miR‐133a‐3p[18](#ehf212597-bib-0018){ref-type="ref"} have been shown to suppress proapoptotic pathways in the cardiomyocytes, and miR‐92b‐3p contributes to cardiac hypertrophic growth,[19](#ehf212597-bib-0019){ref-type="ref"} whereas miR‐21‐5p is associated with cardiotoxicity and inflammatory cell infiltration in the cardiac injury model.[20](#ehf212597-bib-0020){ref-type="ref"} Although miRNAs are powerful regulators of protein translation, contributing to the pathogenesis of HF, their cardiac origin and nature remain unclear.[6](#ehf212597-bib-0006){ref-type="ref"}, [7](#ehf212597-bib-0007){ref-type="ref"}, [9](#ehf212597-bib-0009){ref-type="ref"} The novelty of this study is that we tested expression levels of selected miRNAs in venous blood taken directly from the deep part of the CS, for example, directly sampling the myocardial venous circulation and comparing them with systemic peripheral venous blood. This comparison provided us with a unique glimpse into the molecular environment of the failing heart.

We and others have demonstrated alteration of miRNA expression in peripheral venous serum of HF patients.[5](#ehf212597-bib-0005){ref-type="ref"}, [6](#ehf212597-bib-0006){ref-type="ref"}, [7](#ehf212597-bib-0007){ref-type="ref"}, [8](#ehf212597-bib-0008){ref-type="ref"}, [9](#ehf212597-bib-0009){ref-type="ref"}, [10](#ehf212597-bib-0010){ref-type="ref"}, [11](#ehf212597-bib-0011){ref-type="ref"} Indeed, in this study, we found significant differences in the peripheral venous serum levels of miRNA expression in HF patients compared with controls, with higher expression of miR‐125b‐5p and miR‐133‐3p in the peripheral serum of HF patients.

Interestingly, several previous studies focused on the differences between the coronary and systemic peripheral miRNA expression in HF patients. Notably, most of these studies focused on the differences in miRNA expression comparing CS versus peripheral arterial serum hence termed 'transcoronary gradient'.[14](#ehf212597-bib-0014){ref-type="ref"}, [15](#ehf212597-bib-0015){ref-type="ref"}, [16](#ehf212597-bib-0016){ref-type="ref"} It is however, important to note that there are known significant differences between arterial and venous miRNA expression *per se*, which may be related to the local physical differences of the arterial and venous blood, even in the same patients.[15](#ehf212597-bib-0015){ref-type="ref"}, [26](#ehf212597-bib-0026){ref-type="ref"} Therefore, it may be more appropriate to compare the venous CS blood directly with peripheral venous blood, rather than with arterial blood samples of miRNA expression, as we did in the current study.

Similar to our study, only one previous small study by Goldraich et al. compared venous myocardial miRNA expression directly with peripheral venous blood in HF patients.[15](#ehf212597-bib-0015){ref-type="ref"} In contrast to this study of Goldraich et al.[15](#ehf212597-bib-0015){ref-type="ref"} we found that the expression of miR‐133a 3p in the venous periphery of HF patients was not significantly different than the CS expression levels. However, several important differences should be noted in comparison with this previous study. First, we had a significantly larger patient cohort. Secondly, in contrast to the traditional healthy control group comparison, we deliberately chose a more compatible relevant control group regarding the prevalence of CAD and its related comorbidities. By doing so, we could specifically focus on the impact of systolic HF on miRNA expression *per se*, as it was the key difference between the two groups. Another important difference from most previous studies, which assessed the CS miRNA expression, was that we obtained the CS venous sample via specified CS catheterization equipment rather than using the routine right heart hemodynamic catheter, which was used for example in the study of Goldraich et al.[15](#ehf212597-bib-0015){ref-type="ref"} This procedure allowed us to obtain 'pure' unmixed CS samples, a true representation of the venous myocardial circulation. Altogether, to the best of our knowledge, our study is the largest and the first to specifically compare cardiac miRNAs in the coronary venous circulation with the systemic peripheral venous circulation in HF patients.

The mechanism by which myocardial venous miRNA expression may differ from the peripheral systemic venous circulation in the same HF patient is intriguing and is beyond the scope of our current study goals. While specific tissue cells were suggested in the miRNA degradation process, it is not clear whether myocardial cells are involved in miRNA degradation.[27](#ehf212597-bib-0027){ref-type="ref"} It was suggested that alteration in miRNA expression in HF disease occurs because of the absorption/release of miRNAs.[17](#ehf212597-bib-0017){ref-type="ref"} Our findings that lower levels of miR‐92 and miR‐21‐5p suggest that they are absorbed into the myocardial tissue, and higher levels of miR‐125b‐5p may suggest that they are released from the myocardium in HF.

Indeed, Widmer et al.[28](#ehf212597-bib-0028){ref-type="ref"} assessed CS--aorta miRNA expression gradients in patients with early atherosclerosis and coronary endothelial dysfunction, suggesting that these miRNA are released into the coronary circulation during myocardial injury.[12](#ehf212597-bib-0012){ref-type="ref"} Moreover, cardiac intracellular transfer of miRNA was also reported.[29](#ehf212597-bib-0029){ref-type="ref"} Whatever the mechanism for the local myocardial changes in miRNA expression, it may pose a key role in the pathophysiological process occurring in HF.[30](#ehf212597-bib-0030){ref-type="ref"}

In our study, the expression levels of miR‐125b‐5p were almost twice as high in the CS than in the peripheral venous circulation. Interestingly, a previous study identified miR‐125b‐5p as one of the five most abundant miRNAs in pericardial fluid of HF patients,[31](#ehf212597-bib-0031){ref-type="ref"} while it was not detected in other body fluids,[32](#ehf212597-bib-0032){ref-type="ref"} further supporting our finding that miR‐125b‐5p is secreted from a failing heart. miR‐125b‐5p is associated with several inflammatory cytokines and most notably with the proinflammatory mediators, including tumour necrosis factor alpha, interleukin‐6 and interleukin‐1β and the NF‐κB pathway, suggesting that elevated miR‐125b expression promotes inflammation by the activation of the NF‐κB pathway.[33](#ehf212597-bib-0033){ref-type="ref"}

The current limitation is that the study was conducted in a single centre with a small sample size. Nevertheless, our sample is larger than those of most previous studies, and we investigated different miRNAs that are related to the pathophysiological processes of HF. However, it is possible that other miRNAs, which were not investigated in this study, are involved in HF pathophysiological processes. In addition, because of technical and ethical considerations, we did not obtain deep CS samples from the controls, and therefore, we cannot determine whether the observed changes in miRNA expressions in the CS versus peripheral blood are related to the occurrence of HF or to the origin of the miRNAs.

5. Conclusions {#ehf212597-sec-0015}
==============

In conclusion, we identified miR‐125b‐5p and miR‐133a‐3p to be expressed differently in HF patients compared with the control group and found significant differences in the expression levels of miR‐125b‐5p, miR‐92b‐3p, and miR‐21‐5p in the CS compared with peripheral serum samples. Changes in miRNA expression in CS samples may suggest that they originate from or are absorbed by the cardiac tissue. Further studies are needed in order to determine the exact cells that secrete these molecules.

Future studies should address whether the changes in miRNA expression contribute to the initiation, progression, and potential treatments of HF. Targeting miRNAs that are involved in the pathophysiological process of HF may allow for the development of a therapeutic strategy for HF.
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![Expression levels of miR‐16‐5p (A), miR‐1260a‐5p (B) and sum of miR‐16‐5p+miR‐1260a‐5p (C) are presented as cycle threshold (Ct) values for control peripheral, HF peripheral and HF CS samples. Kruskal--Wallis test was performed to evaluate differences between three groups of samples.](EHF2-7-835-g005){#ehf212597-fig-0005}
